Background: We report on a patient who appeared to show recovery of an injured anterior cingulum via an aberrant neural tract between an injured cingulum and the basalis nucleus of Meynert following traumatic brain injury (TBI), which was demonstrated on diffusion tensor tractography (DTT).
Introduction
The cingulum is an important neural tract involved in various functions for cognition, including emotion, memory, attention, motivation, and learning. [1] The cingulum, which originates from the nucleus basalis of Meynert (Ch 4), obtains cholinergic innervation from two other cholinergic nuclei (the medial septal nucleus [Ch1] , and the vertical nucleus of the diagonal band [Ch2] ) and contains the medial cholinergic pathway; therefore, injury of the cingulum can lead to cognitive impairment, particularly memory impairment. [2, 3] Diffusion tensor tractography (DTT), derived from diffusion tensor imaging (DTI), enables 3D visualization and estimation of the cingulum. [4] Many studies using DTT have reported on injury of the cingulum in patients with brain injury, [5] [6] [7] however little is known about the mechanism for recovery of an injured cingulum. [8] [9] [10] [11] [12] In the present study, we attempted to demonstrate the recovery of an injured cingulum via an aberrant neural tract in a patient with traumatic brain injury (TBI).
Case report
A 47-year-old, right-handed male who had suffered a pedestrian traffic accident underwent conservative management for diffuse traumatic axonal injury at the department of neurosurgery of a university hospital. The patient lost consciousness for 3 days from the time of TBI and the Glasgow Coma Scale score was 11 when he arrived at the hospital. [13] He was transferred to the department of rehabilitation of the same university hospital for rehabilitation at 6 weeks after onset. A subdural hygroma located in the left frontal convexity was observed on brain magnetic resonance imaging at 6 weeks after onset (Fig. 1A) . Evaluation using the Mini-Mental State Examination (MMSE) and the Wechsler adult intelligence scale could not be performed due to the severity of his cognitive dysfunction. [14, 15] The patient underwent comprehensive rehabilitation, including cognitive therapy, until 10 months after onset. He showed improvement of cognitive dysfunction on the MMSE with 10 (full score: 30) at 2 months, 13 at 6 months, and 26 at 10 months after onset. Total IQ was 90 on the Wechsler adult intelligence scale at 10 months after onset. The patient provided signed, informed consent, and the study protocol was approved by our institutional review board. DTI data were acquired three times (6 weeks, 6 months, and 10 months after onset) using a 1.5 T with a 6-channel head coil. The imaging parameters were as follows: field of view = 240 mm Â 240 mm; reconstructed to matrix = 192 Â 192; acquisition matrix = 96 Â 96; b = 1000 s/mm 2 ; NEX = 1; TR = 10,398 ms; TE = 72 ms; EPI factor = 59; slice gap = 0 mm; a slice thickness of 2.5 mm; and parallel imaging reduction factor (SENSE factor) = 2. Using the fiber assignment continuous tracking algorithm, fiber tracking was performed within the DTI task card software (Philips Extended MR WorkSpace 2.6.3). [16] For analysis of the cingulum, the first ROI was placed on the most posterior coronal slice, where the genu of the corpus callosum was seen clearly in full profile (green color). The second ROI was placed on the middle coronal slice, where the body of the corpus callosum was seen in full profile (green color). Termination criteria were fractional anisotropy less than 0.15 and an angle change of more than 27°. [17] On 6-week DTT, discontinuation superior to the genu of the corpus callosum was observed in both cingulums. However, on 6-month DTT, the discontinued anterior part of the right cingulum was elongated anteriorly, not through the cingulum but through the anterolateral subcortical white matter of the cingulum. On 10-month DTT, this elongated neural tract of the right cingulum was connected to the right Ch 4 in the basal forebrain and the discontinued anterior part of the left cingulum was elongated anteriorly through the anterolateral subcortical white matter of the cingulum (Fig. 1B) . Results of DTT were compared with a normal subject (48-year-old male) (Fig. 1C) .
Discussion
In this study, changes of injured cingulums observed on DTTs with changes of cognitive impairment were followed up in a patient with TBI. Discontinuation of both cingulums above the genu of the corpus callosum was observed on 6-week DTT. Subsequently, on 6-month DTT, the discontinued right cingulum was elongated anteriorly through the anterolateral subcortical white matter of the cingulum. On 10-month DTT the elongated anterior cingulum was finally connected to the right Ch4 in the basal forebrain, 1 of 4 cholinergic nuclei in the basal forebrain. [2, 3] As a result, it appeared that the right Ch4 and the discontinued right anterior cingulum were connected, not through the cingulum, but through the aberrant neural tract which passed through the anterolateral subcortical white matter of the cingulum. These changes of the right cingulum observed on DTT appeared to indicate that the injured cingulum had recovered to obtain cholinergic innervation from Ch4, which coincided with the improvement of cognitive impairment in terms of MMSE (6 weeks: uncheckable, 6 months: 13, and 10 months: 26). [18] No specific lesion was observed in the basal forebrain and cingulum areas, thus it appeared that traumatic axonal injury in the anterior portion of both cingulums was the result of the traffic accident. [19] Since the introduction of DTI, 3 mechanisms for recovery of injured anterior cingulums in order to obtain cholinergic innervation from cholinergic nuclei have been reported in patients with brain injury: first, recovery of the injured anterior cingulum through the normal cingulum pathway; second, recovery of the injured anterior cingulum through the crossed neural connection to the opposite cingulum; and third, recovery via the neural tract between the injured cingulum and brainstem cholinergic nuclei. [8] [9] [10] [11] [12] To the best of our knowledge, this is the first study to demonstrate the recovery of an injured cingulum via an aberrant neural tract between the injured anterior cingulum and Ch 4. However, the limitation of DTT should be considered: crossing or kissing fibers and partial volume effects could cause false positive results throughout the white matter of the brain. [20] In conclusion, recovery of an injured anterior cingulum via an aberrant neural tract between an injured cingulum and Ch4 was demonstrated in a patient with TBI. The results of this study appear to suggest a mechanism for recovery of an injured cingulum following brain injury. However, because it is a case report, this study is limited; therefore, conduct of further complementary studies including larger numbers of patients is warranted.
